In this paper, we analyze mutual coupling of switched reluctance (SR) motors with even and odd numbers of phases. We illustrate that SR motors with an even number of phases produce asymmetric mutual flux in different phases. On the other hand, an SR motor with an odd number of phases produces symmetric mutual coupling in all the phases. Then, we explain a practical way of measuring the mutual flux in SR motors and present the test results for an 8/6 pole, four-phase 4 kW motor. We simulated the performance of the SR motor with and without mutual flux, thereby demonstrating the effect of mutual flux on phase current, flux, and average torque. We verified the effect of mutual flux on position estimation by simulation and experiment. We show that appropriate correction for mutual flux may improve the accuracy of estimated position by 3 , which will give better performance of the drive while driven without any shaft sensors. We also show that an SR motor with an odd number of phases is a better choice than one with an even number of phases because of its symmetric mutual coupling, its ability to utilize short flux paths, and the fact that it does not require costly bipolar excitation.
I. INTRODUCTION
T HE design, performance evaluation, and high-performance control of switched reluctance (SR) motors requires detailed knowledge of the flux-linkage characteristics of the windings for different rotor positions at different excitation currents. Most of the existing literature [1] , [2] , [5] , [6] , [13] employs flux-linkage characteristics obtained from static tests or through finite-element method. Dynamic effects and mutual couplings between different phases are ignored. With limited analysis, Moghbelli et al. [3] has shown earlier through finite-element analysis that mutual coupling can cause errors in the flux-linkage characteristics as much as 7% [3] . The effect of mutual coupling in the unexcited phase is reported in [8] and [9] . However, their analysis and experiment was restricted only on the idle phase in the form of induced voltage during normal and abnormal operating conditions. The effect of mutual flux on the steady-state performance or its effects on position estimation were not reported in those papers. Preston et al. [16] proposed an equivalent circuit model considering mutual coupling effect in SR motor and they compare their model with finite-element results. However, actual test results on mutual flux were not reported in that paper. Test results of mutual flux only in very limited operating conditions for an 8/6 pole SR motor were reported in [17] . Also, it failed to identify the asymmetric nature of the mutual coupling on different phases. To the best knowledge of the authors, the detailed experimental results of mutual flux and their effect on motor performance and sensorless operation had not been reported until the present authors published their results in conferences in 1998 [14] and 1999 [4] , respectively, as a subset of this present paper. Later on, many other authors [15] , [18] - [20] also discussed the effect Digital Object Identifier 10.1109/TMAG. 2007 .898101 of mutual inductance. However, in most of these publications, the effects of mutual inductance were discussed only for a particular motor and winding configuration and also supported by very limited or no test results. The effects of mutual coupling on different configurations such as for even and odd number phase motors and also their effect on position estimation had not been reported.
Traditionally, a SR motor needs position sensors for satisfactory control. Generally, absolute encoder or discrete optical and magnetic sensors are used for position sensing. These sensors inherently reduce the reliability of the drive. Extensive application of SR motor will require development of robust sensorless control. Such sensorless control schemes need accurate position estimation, which in turn needs accurate evaluation of flux-linkage characteristics accounting for the non-idealities of dynamic effects and mutual coupling.
In this paper, first the importance of mutual coupling in SR motors is discussed. Then, a qualitative study on even and odd number of phase SR motors, possible winding configurations, and mutual coupling path is studied. After that, a practical method for mutual flux measurement in SR motors is illustrated. Measurement method, experimental setup, and test results are presented. The asymmetry due to mutual coupling on the phase currents, phase fluxes, and energy conversion contours of an even number of phase motors are demonstrated through the test and dynamic simulation. A detailed discussion on the effect of mutual coupling on the performance and the choice of an even and odd number phase SR motor has been presented. The effect of saturation on mutual coupling effect has also been discussed. This paper then attempts to model the mutual coupling effects on the flux-linkage characteristics and a more accurate position estimation algorithm considering the mutual coupling is presented. The schematic of the position estimator, controller, power converter, and a complete photograph of the hardware setup is given, and finally conclusions are made. 
II. MUTUAL FLUX AND ITS MEASUREMENT
The measurement of static flux-linkage characteristics are well documented in literature [5] , [6] . In those measurements, excitation is given to only one phase while other phases are kept open. These off-line measured characteristics do not take into account the mutual fluxes due to the other phases. During dynamic operation, more than one phase will have excitation currents at a time and the flux-linkages of each phase will be influenced by the currents in the other conducting phases. Hence, proper modeling and accurate analysis require the knowledge of mutual fluxes in addition to the flux linkage characteristics of the individual phases.
A. Mutual Coupling in SR Machines With Even and Odd Number of Phases
In the test motor, the winding connections are such that the direction of the fluxes (marked by arrows) in each of the individual phases are as shown in Fig. 1(a) . The arrows in Fig. 1(a) indicate the direction of the individual phase fluxes. The figure suggests that the mutual flux will not be in the same direction for all the phases. For example, the mutual flux in Ph2 and Ph3 due to their neighboring phases are additive for the given winding connection. On the contrary, the mutual coupling in Ph1 and Ph4 are in opposing nature. Hence, when Ph2 and Ph3 are simultaneously excited the mutual flux becomes additive. The same is true when Ph1-Ph2 and Ph3-Ph4 are excited together. Thus, for Ph1-Ph2, Ph2-Ph3, and Ph3-Ph4 combinations, the mutual flux adds on to the self flux of individual winding and the net flux of the windings increase which in turn will increase the average torque of the above excitation combinations. However, for Ph4-Ph1 excitation, the mutual flux will oppose the self flux of the individual windings and the total flux will be reduced which in turn will reduce the produced torque. Hence, the fluxes in the windings and torque produced by individual phases will differ due to such asymmetric mutual coupling from phase to phase.
The alternative winding design can be made as given in Fig. 1(b) and the direction of fluxes for such design are marked by arrows. It may be seen that the direction of fluxes in the adjacent windings for Ph1, Ph2, Ph3, and Ph4 are the same. For such windings, the mutual flux will oppose the self flux in Ph1-Ph2, Ph2-Ph3, and Ph3-Ph4 excitation combinations. On the other hand, it will be additive in case of Ph4-Ph1 case. Thus, the mutual flux in all the phases will not be symmetric. Also, this type of winding arrangement will reduce the net average torque of the machine since most of the phase fluxes will be reduced due to mutual coupling. Thus, the winding arrangement given in Fig. 1 (a) will be superior in terms of net torque production compared to the machine in Fig. 1(b) . However, it can be concluded that in both the above cases, the mutual fluxes of the windings are asymmetric in nature. Such asymmetry in mutual coupling can be illustrated in any SR motor comprising with even number of phases.
On the other hand, if the machine is designed with an odd number of phases (say three or five phases, etc.), the mutual fluxes can be made additive and symmetric for all the phases following the winding design method similar to Fig. 2(a) . It can be seen from Fig. 2 (a) that mutual flux is always additive to the self flux for all excitation combinations (Ph1-Ph2, Ph2-Ph3, and Ph3-Ph1). Hence, it can be concluded that a SR motor with odd number of phases and with windings of alternate polarities as given in Fig. 2 (a) will utilize the mutual flux the best and also maintain symmetry between the phases. This winding configuration in Fig. 2 (a) also inherently supports the short flux path with unipolar excitation for all the phases. Therefore, costly bipolar excitation [12] is redundant in case of an odd number of phase motors. However, an odd number of phase SR motor can also be designed alternatively as given in Fig. 2(b) , which again creates asymmetric mutual flux between the phases. In the later configuration, the mutual flux will oppose the self flux in Ph1-Ph2 and Ph2-Ph3 combination and adds to self flux during Ph3-Ph1 combination. Such winding configuration obviously will reduce the net torque in the motor and will not support short flux path. Therefore, the winding configuration in Fig. 2 (a) will be a clear choice for an odd number of phase SR motor.
In this paper, an example of a four-phase SR motor will be discussed as a representative of even number of phase motor for demonstrating asymmetric mutual flux. The effect of mutual flux on its performance and sensorless operation will also be illustrated. The typical mutual flux pattern due to Ph1 of a fourphase SR motor with its neighboring phases (Ph4 and Ph2) are shown in Fig. 3 
B. Measurement of Mutual Flux
The experimental setup for measuring mutual flux in a SR motor is given in Fig. 4 . During the experiment, the rotor is held standstill at a predetermined position using an indexing head and a disk with position marking is mounted on the shaft of the motor for verifying the position of the rotor. One of the phases of the motor is connected in series with a rheostat (Rh) and an electronic switch (S) to a dc source, with all other phases open. Voltages are induced in the unenergized phases due to the rate of change of current in the active phase. The induced voltages in the unenergized phases and the current through the active phase are recorded and stored in a digital storage oscilloscope (DSO). The rheostat (Rh) is used to limit the current to the required value. The experiment is conducted over a complete electric cycle (60 mechanical) and the test results are stored for every 2 . The typical test results of current in the active phase and induced voltages in the other phases due to the main phase current are shown in Fig. 5 (a) and (d). From the plots, it can be seen that the induced voltage in the phase in quadrature (Ph3) with the excited phase (Ph1) is very much less compared to the in the th phase due to the excitation in the th phase and that is given by the following equation:
The typical plots of the computed mutual flux-linkages are shown over a complete electrical cycle in Figs. 6 and 7 for different excitation currents. In these plots, -axis represents the relative position of the rotor pole with respect to the phase being excited and these positions are meant for forward rotation of the motor (the arrows in Fig. 1(a) and Fig. 3 indicate the forward rotation). The same experiment is repeated for different phases and each time the mutual flux to the neighboring phases are computed.
C. Discussion
The test results confirm that the mutual flux in the neighboring phases are identical in magnitude for all the phases. Some minor difference in magnitude is observed which could be due to manufacturing non-idealities between the phases or could be due to instrumentation error or due to both. However, the difference is so small it can be neglected. On the contrary, the direction of the mutual fluxes in different phases are clearly not the same. The direction depends on the winding connection, which is a designer prerogative. It may be seen in Figs. 6 and 7 that the mutual flux at 22.5 with the preceding phase (phase sequence is Ph1-Ph2-Ph3-Ph4-Ph1) is maximum. Similarly, at 37.5 the mutual flux with the following phase is at maximum. This is in conformity with the earlier comments with respect to Fig. 3(a)-(c) . It is observed that the magnitude of peak mutual flux linkage is maximum at 22.5 . The adjacent phase with rated current (18 A) can induce as much as 0.075 wb-turn mutual flux at this position. If we assume that the given phase also carries rated current simultaneously, then it induces a self flux of 0.86 wb-turn on its own. Thus, mutual flux becomes almost 8.75% of the self flux at this position. However, the self flux linkage is maximum at the aligned position (30 for this case). At rated current the maximum flux-linkage is observed at this position and which is 0.915 wb-turn for this test motor. However, the maximum mutual flux-linkage at this position due to the neighboring phases could be 0.055 wb-turn which is around 6% of the self-flux linkage. So, we can conclude that the maximum mutual coupling for the test motor occurs at 22.5 position and its magnitude can be as high as 8.75%. The static flux-linkage characteristics of the test motor are given in Fig. 8 . Analysis and quantification of mutual flux-linkage is useful for various reasons. Its influence in dynamic condition can be studied through simulation. In many position estimation algorithms of SR motor, the flux-linkage characteristics may be corrected for these mutual fluxes to obtain higher accuracy in estimation.
III. MODELING AND PERFORMANCE EVALUATION OF SR MOTOR WITH MUTUAL FLUX
The electromagnetic characteristics of the SR motor may be represented by the following equations: co-energy, and conduction angle of the active phase are represented as , , and , respectively. Average torque due to a particular phase over a complete phase cycle is computed from the change in co-energy during that cycle using (6) . Measured mutual flux-linkage and static flux-linkage characteristics as given in Figs. 7-9 are stored in the form of lookup tables. The well-known time step integration method is used for simulation [6] . The following assumptions are made:
1) eddy-current effects are neglected; 2) dc bus voltage is assumed to be ripple free; 3) superposition theorem holds good for mutual flux during saturation. The phase voltage is a function of the dc supply voltage and the states of the switches in the controller. At any instant, the phase flux linkage is obtained by integrating (2) over the previous time step. Now with a known position and known flux , the value of may be found using pre-stored static fluxlinkage characteristics . In this process mutual flux is ignored. While mutual fluxes are considered, the flux obtained through (2) should be corrected for the mutual flux due to the other conducting phases. This corrected flux is the self flux . Knowing self flux and position, the corresponding current may be obtained following the same process as mentioned above. The detailed simulation block diagram is given in Fig. 9 . The conventional control method employs two regimes of control namely low-speed chopping control and high-speed pulse width control [6] . In order to illustrate the effect of mutual coupling throughout the speed range, two case studies-one at very low speed (75 rpm) and another at rated speed (1500 rpm)-are presented here.
A. Case 1: Low-Speed Operation
Simulation is carried out at very low speed (75 rpm) with T-on (position at which phases start conducting) and T-off (position at which phases are switched off) angles at 0 and 30 , respectively; current reference at 18 A and dc excitation voltage at 280 V. The switching frequency of the converter is assumed to be large (200 kHz in this case). The simulation results of phase current, net flux, and mutual flux waveforms in the different phases are given in Fig. 10 . It can be seen that the flux patterns are not the same for all phases. The flux waveforms for Ph2 and Ph3 are similar, whereas they are different for Ph4 and Ph1. The peak flux of Ph4 is less compared to all other phases. Hence, the flux-current contours for each of the phases are expected to follow different trajectories. It is well known that the average torque of any phase is proportional to the area covered by its energy conversion loop [6] in one phase cycle. Hence, the average torque produced in all the phases will not be identical. At 75 rpm and full load, the energy conversion loops of all the phases are compared in Fig. 11 . The results show that the average torque produced in Ph1 will be maximum and that in Ph4 will be minimum. The average torque in Ph2 and Ph3 are equal but they are less than that in Ph1 and more than that in Ph4. Hence, it can be concluded that for a fixed current opera- tion and fixed T-on and T-off angles, the load sharing varies in different phases due to mutual inductance effect. This may also introduce extra torque ripple in the SR motor.
B. Case 2: High-Speed Operation
Similar results at rated speed (1500 rpm) and rated load are shown in Figs. 12 and 13. At this operating point, the current (torque) is controlled by the angle control mode [6] , [7] . The T-on and T-off angles are fixed at 3.75 and 22.5 , respectively, dc excitation voltage is kept constant at 280 V; speed of the motor is set at 1500 rpm and the simulation is conducted under these conditions. The current, net flux, and mutual fluxlinkage in all the phases are plotted in Fig. 12 (i) , (ii), and (iii). The results show that the current waveforms in all the phases are not the same. The peak current in Ph1 is maximum and that in Ph2, Ph3, and Ph4 are almost equal. At the commutation points, the current in Ph4 is maximum followed by Ph1. At this point, the currents in Ph2 and Ph3 are the same but less than that in Ph1. The energy conversion loops are compared for different phases in Fig. 13 . These results show that the shape of the energy conversion loops are same for Ph2 and Ph3 but differ considerably for Ph1 and Ph4. Hence, the torque produced in different phases will not be the same. Consequently, the windings in different phases will not be utilized equally.
IV. POSITION ESTIMATION THROUGH FLUX-CURRENT METHOD
Flux-current method [10] , [11] is one of the most popular methods for position estimation of SR motor. Measuring the voltage across and current through the winding, the flux-linkage of any phase may be computed using (2) . Knowing the current and flux, the position of the rotor may be estimated using the off-line measured static flux-linkage characteristics. Lyons [10] suggested this method in the early 1990s. In this paper, they also mentioned about possible mutual coupling and suggested an equivalent circuit model of the motor in order to take into account the mutual coupling effect. However, the effect on position estimation accuracy has not been quantified by a proper comparison with or without considering mutual coupling effect. In our paper, the off-line measured mutual flux is used for correcting the flux-linkage of the active phase and this corrected flux is used for position estimation. Finally, the accuracy of estimated position with and without mutual flux is quantified by proper comparison.
A. Position Estimator Realization
The block diagram of the position estimator following the above method is shown in Fig. 14 . Six analog signals (the four phase currents and two dc link voltages) are taken as inputs through ADC. All analog signals are processed through software low-pass filter (LF) to attenuate the switching and high-frequency noises. The estimator logic generation block decides on the active phase. The computed flux obtained through the integration is further corrected for mutual flux due to the other conducting phases. Notice that the integration shown in Fig. 14 Similarly, another lookup table of mutual flux for complete one cycle (60 for this case) is stored as a function of current and rotor position with a resolution of 1:1:20 A and 2:2:60 (the mutual coupling at 0 and 60 will be the same). Therefore, the size of mutual flux lookup table is also 600 word. The magnitude of the mutual flux for all the phases are assumed to be the same. On the other hand, the direction of mutual coupling depending on the relative winding configuration (see Fig. 1(a) and Fig. 3 ) will be either positive or negative and has been taken care of accordingly. 
B. Results of Position Estimation
The effect of position estimation is studied first in simulation. The simulation results of estimated position, phase current, and error due to mutual flux at 200 and 1400 rpm are given in Fig. 15(a) and Fig. 16(a) , respectively. It shows that mutual fluxes alone can introduce an error of . The same is verified in experiment. The experimental results are shown in Fig. 15(b) and Fig. 16(b) for the above operating conditions. It is also observed the net error in position estimation is reduced after correcting for the mutual fluxes. A typical test result (at 1875 rpm) of estimated position with and without mutual flux, and actual position along with net error (actual-estimated) in estimation are given in Fig. 17(a) and (b) .
V. DISCUSSION
The effects of mutual flux on phase current, phase flux, and energy conversion contour for the different phases of an 8/6 pole SR motor are demonstrated through simulation results. It is shown that for same T-on, T-off, and same excitation voltage and for unipolar excitation, the current and flux waveforms in different phases are unequal due to mutual flux. In effect, the load sharing among the different phases is not the same. For example, the energy conversion due to Ph4 is considerably less than that due to Ph1 (see Fig. 11 and Fig. 13 ). This will cause the under-utilization of Ph4 compared to Ph1. Hence, for uniform utilization of the different phases, the T-on and T-off angles for high speeds and current references for low speeds are suggested to be different. These findings may be used for control purposes in order to improve the performance in terms of energy density, torque ripple, and smooth operation of the machine. These findings may be used in the design stage as well for selecting the number of poles and phases depending on the performance requirement of the load.
A. Choice of Even and Odd Number Phase SR Motors Pertinent to Mutual Coupling
Choice of even or odd number phases for the design of SR motors is important for effective utilization of mutual flux. It has been shown in Section II that a SR motor with even number phase produces asymmetric mutual coupling between the phases. Very recently, Edrington et al. [12] have reported such asymmetry between different phases and suggested bipolar excitation of the phases. These bipolar excitation supports short flux path uniformly for all the phases at twice the cost of the semiconductor devices. The present authors also reported this asymmetry between phases for unipolar excitation in an earlier conference publications [4] , [14] . In such case of asymmetry, instead of using an even number of phase machines it will be prudent to use an odd number of phase machines (such as three-phase 6/4 motor, five-phase 10/8 motor, etc). It has been shown earlier in this paper that an odd number of phase machines provides symmetric mutual flux in all the phases and at the same time it supports short flux path. Thus, by using a five-phase 10/8 pole machine symmetrical operation from all the phases can be obtained, short flux path operation can be achieved, and also it will not need costly bipolar excitation of the phases as suggested in [12] . In case of bipolar excitation, a four-phase motor will require total 16 switches, whereas in case of five-phase motor only 10 switches will be sufficient and at the same time flux-path will be even shorter compared to a four-phase motor. Also, a five-phase motor will have reduced torque ripple compared to a four-phase motor [6] , [13] for a similar power rating application. Thus, it can be concluded that an odd number of phase machines is a better alternative compared to bipolar converter driven even number phase motor. However, for a low-cost application, still a four-phase motor (or even number of phase motors) will be a better choice since it can be operated by a split-capacitor type power converter where each phase requires only one switch.
B. Saturation Effect on Mutual Coupling
This analysis assumes that superposition principle holds good in accommodating mutual flux into the machine model, dynamic simulation, and position estimation algorithm. In reality, the SR motor will operate with saturation and mutual flux effect will be somewhat reduced due to such saturation. In the linear operating zone, the magnitude of the actual asymmetry will be the same and in saturation the effect will be somewhat less than what is presented here. Thus, it can be concluded that the actual asymmetry between the phases will be either equal or less than the asymmetry shown in this paper. Therefore, the presented results in this paper can be considered as the maximum boundary for asymmetry between the phases. The present analysis gives an idea to the designer about the maximum asymmetry between the phases and depending on applications a designer can choose whether it will be cost effective to compensate this asymmetry by introducing design or controller complexity. Again, it can be mentioned here that irrespective of saturation mutual coupling effect for even number phase motors will remain asymmetric and the same will be symmetric for odd number phase motors. Thus, this paper establishes the asymmetry for even number of phase machine, gives the upper boundary of the asymmetry, and suggests to choose an odd number of phase SR motors for high-performance applications.
In order to avoid the saturation effect, the position estimation algorithm in this paper is restricted in the linear operating zone. It may be seen from Figs. 15 and 16 that current is restricted to only in the linear operating zone [either below 7 A near the aligned region or with higher current within the unaligned inductance region (typically within 10 )]. Thus, the saturation effect is largely avoided in the present position estimation algorithm. Again, the focus here is to show that substantial impact will be there in position estimation due to mutual coupling effect and the same is demonstrated with the given experimental results. The mutual coupling effect on position estimation in saturation can be taken up as future study.
VI. CONTROLLER REALIZATION AND EXPERIMENTAL HARDWARE
Apart from the position estimator, the control of SR motor involves a number of operations such as speed computation, execution of speed and current controller, execution of torque to current conversion, T-on and T-off angle selection (Turn-on and Turn-off angle of each phase), and final switching logic generation, etc. The block diagram of a complete controller is shown in Fig. 18 . A PI controller serves as speed controller and the current control is realized through hysteresis controller. The algorithm is tested on a 4 kW, four-phase, 8/6 pole Oulton motor. A split-capacitor link power converter is used for controlling the motor. The schematic of the power converter is shown in Fig. 19 .
A. DSP Controller
The execution of the control scheme (including the estimator) as discussed above is time critical. A digital controller is an ideal choice for realizing such controllers. In this work, a Texas Instruments 16-bit 40 MHz fixed point DSP (TMS320c50) is used for controlling the SR motor. A general purpose DSP board is fabricated for realization of this controller. The schematic of the board is given in Fig. 20 . For this particular application, one digital output port and six ADC channels (for four phase currents and two dc link voltages) are used. With the help of DSP, the sampling and execution time achieved for the whole control process is 100 s.
B. Experimental Hardware
The complete experimental hardware used for testing the proposed control scheme is shown in Fig. 21 . The main power converter (left) and the front end rectifier (middle) are mounted on the workbench as shown in the picture. A desktop computer is used to download the DSP software through an XDS510 emulator. A fixed point TI DSP is used for executing the control algorithm. A four-phase Oulton SR motor (right) along with a dc machine (left) is coupled with a torque transducer and can be seen in the picture as mounted on the base. The dc machine is used here to emulate the fan type of load. The dc machine output is connected to a bank of rheostats for varying the load. A four-channel HP scope is used for monitoring and recording Table I .
VII. CONCLUSION
In this paper, the effect of mutual flux in SR motor is analyzed and illustrated through simulation and experiment. It is shown that the distribution of mutual flux for any SR motor with an even number of phases and with unipolar excitation is inherently asymmetric. The asymmetry between phases can be compensated at the expense of complex motor and controller. To the best knowledge of the authors, the asymmetry due to mutual coupling and its remedy had not been explored and analyzed explicitly until some mention in earlier conference publications [4] , [14] by the authors themselves. Very recently, Edrington et al. [12] suggested bipolar excitation as a remedy for such asymmetry. However, these bipolar excitations are very expensive and not practical for most of the applications. Also, in their analysis they have considered only a particular winding configuration for even number of phase motor. They have not included any odd number of phase motors in their analysis. In this analysis, different possible winding configurations for both even and odd number phase SR motors are shown and their relative merits are explained and finally the best configuration is identified in each category. Most importantly, it has been shown in this paper that an odd number phase SR motor with proper winding configuration [see Fig. 2(a) ] is capable of producing symmetric mutual coupling and thus does not need any complex controller. In such odd number phase machine, mutual coupling effect adds to the self flux and also provides short flux path even under unipolar excitation. Thus, potentially the torque capability of the machine will be increased in case of odd number phase motor. However, the actual percentage increase of torque may vary due to motor structure, number of poles, and number of phases and it needs to be verified through an actual test and may be considered in future work. Therefore, for high-performance application a SR motor should be designed with an odd number of phases. On the other hand, for low-cost applications a SR motor with even number of phase motor is still attractive since it can be used with a split-capacitor type converter (see Fig. 19 ) where only one switch is required for each phase. However, performance of such motor will be slightly degraded due to asymmetry of the phases due to mutual coupling.
In addition, a practical mutual flux measurement method between the adjacent phases are proposed and a detailed experimentally measured mutual flux of SR motor for an 8/6 pole SR motor has been illustrated. These experimentally measured mutual flux can be utilized for modeling the motor. Finally, a more accurate position estimation algorithm using the correction for mutual fluxes is demonstrated. It is shown through experiment that mutual flux, if not corrected, may introduce an error as much as in the estimated rotor position. The drawback of the present analysis is that the estimation algorithm is only confined to the linear operating zone. The impact of mutual coupling for position estimation in the saturation zone should be explored in future work.
In totality, this paper establishes the asymmetry of mutual flux for even number of phase machine, gives the upper boundary of such asymmetry, and suggests to choose an odd number of phase SR motors for high-performance applications. Also, this paper demonstrates that position estimation accuracy in SR motor can be improved considering the mutual coupling effect.
